The coupled wave theory of Kogelnik ͓H. Kogelnik, Bell Syst. Tech. J. 48, 2909 ͑1969͔͒ is extended to the case of moderately absorbing thick anisotropic materials with grating vector and medium boundaries arbitrarily oriented with respect to the main axes of the optical indicatrix. Dielectric and absorption modulation with common grating vector and of arbitrary relative phase shift is considered. Solutions for the wave amplitudes, diffraction efficiencies, and angular mismatch sensitivities are given in transmission and reflection geometries. The main difference of the new results with respect to the expressions valid for isotropic media arise due to the walk-off between the wave-front and energy propagation directions. The difference is particularly important in materials with large birefringence, such as organic crystals, ordered polymers, and liquid crystalline cells. The special case of Bragg diffraction and two-beam coupling at holograms recorded in optically inactive photorefractive crystals is analyzed in detail. It is found that the two-beam coupling gain is influenced substantially by an absorption anisotropy. ͓S1063-651X͑96͒10212-9͔
I. INTRODUCTION
Scattering of light in thick holographic media has been the subject of investigation for a long time in the fields of acousto-optics and holographic recording by absorption and photorefractive gratings. The theoretical efforts to understand light diffraction in thick media have culminated in the coupled wave theory of Kogelnik ͓1͔, which applies to isotropic materials. Despite the fact that a large fraction of the materials used for volume holography is optically anisotropic, only limited effort has been made to theoretically analyze the diffraction of light in this kind of media ͓2-6͔. Kojima ͓2͔ analyzed the problem of diffraction of light at phase gratings in absorptionless anisotropic materials finding solutions in the Raman-Nath diffraction regime using a phase function method and in the Bragg diffraction regime using the Born approximation in the undepleted pump limit. Rokushima and Yamakita ͓3͔ developed a matrix formalism to solve the same kind of problems and Johnson and Tanguay ͓4͔ analyzed phase gratings using a numerical beam propagation method. Glytsis and Gaylord ͓5͔ presented a three-dimensional coupled wave diffraction theory for the study of cascaded anisotropic gratings and waveguide geometries. Vachss and Hesselink ͓6͔ considered the case of optically active anisotropic photorefractive media. They found solutions for the Bragg diffraction efficiency in the undepleted pump limit. Dielectric and absorption gratings with a common phase and some special crystal cuts were assumed.
The advent of materials with strong birefringence, such as liquid crystals, ordered polymers, or organic crystals ͓7-10͔ in the field of volume holography asks for a novel consideration of the anisotropy effects. In these materials, not only anisotropic ͓11͔, but also isotropic Bragg diffraction is strongly affected by the optical anisotropy. The main reason lies in the difference between the energy propagation direction and the wave-front normal. Many materials also show an anisotropic absorption constant, that is, absorption depends strongly on the direction of light polarization. A complete analysis of dielectric and absorption gratings in anisotropic materials should include this effect also.
In this paper we develop a coupled wave theory valid for moderately absorbing nonoptically active anisotropic thick media. The phase and absorption gratings in these media may have an arbitrary relative phase shift. The model is valid for every direction of the grating wave-vector in three dimensions. The entrance and exit surfaces of the medium are parallel to each other and may have an arbitrary orientation with respect to the main axis of the optical indicatrix. We treat the cases of transmission and reflection gratings, the former being characterized by a diffracted beam exiting the medium through the same surface as the transmitted incident beam, the latter being characterized by a diffracted beam back reflected through the incidence surface. The coupled wave equations are solved for both grating types to give the diffraction efficiency and the angle-mismatch sensitivity. The special case of photorefractive phase gratings is discussed in a separate section, where we also discuss the correct expression for the light modulation index that has to be used while considering two-wave mixing processes induced by self-generated gratings.
Section II brings the basic equations and the derivation of the two coupled wave equations valid, in general, in anisotropic media. In Sec. III the general solution of the coupled wave equations for diffraction at transmission gratings is derived. Section IV is devoted to reflection gratings, while Sec. V presents the special cases of Bragg diffraction and twobeam coupling at photorefractive phase gratings. The linear propagation of waves is treated in Appendix A, where we derive the relationship between the complex dielectric tensor and the effective absorption constant that describe the propagation of a wave submitted to boundary conditions at the entrance surface of the medium.
II. BASIC EQUATIONS
We consider a medium containing a phase ͑refractive index͒ and/or an absorption grating. Our analysis treats the case of thick holograms only. An exact definition of a thick grating has been given by Gaylord and Moharam ͓12͔ and the conditions to be fulfilled are QϭK 2 d/(2n)Ͼ1 and ϭ 2 /͑⌳ 2 n͒у10, where ϭ⌬n for dielectric gratings and ϭ⌬␣/2 for absorption gratings. In our case of anisotropic materials the refractive index change ⌬n and the absorption modulation ⌬␣ are defined later in connection with Eqs. ͑41͒ and ͑44͒, respectively. The other quantities in the two above conditions are the medium thickness d, the vacuum wavelength , the average refractive index n, the grating spacing ⌳, and the grating wave vector Kϭ2/⌳. We notice that if the two above conditions are not strictly fulfilled the diffraction may be described by a mixture of Bragg and Raman-Nath regime. In such an intermediate regime the theory presented in this work gives only approximate results and the diffraction would be calculated more precisely by a rigorous coupled wave analysis similar to the one presented earlier for the isotropic case ͓13͔.
As shown by Kogelnik ͓1͔ for thick gratings it is sufficient to consider the propagation of only two plane waves p and s. Since we consider the general case of anisotropic materials the waves p and s should represent eigenwaves of the medium. The total electric field amplitude is given by
where E ជ s and E ជ p are complex amplitudes cleaned of the absorption contribution. This means that they are always constant in the absence of nonlinear effects, as explained later. In absorbing crystals the wave vectors k ជ s and k ជ p are complex with the imaginary part, which possibly has a different direction than the real part ͓14͔
The real part, as usual, is related to the wave-front propagation direction for an eigenpolarization in the crystal, while the imaginary part is related to the linear absorption experienced by the waves and is calculated as derived in Appendix A. The wave of Eq. ͑1͒ has to fulfill the time-independent vector wave equation
where ⑀ Jϭ ⑀ J r ϩi ⑀ J i is the complex second-rank dielectric tensor that includes the effects of the material refractive index and absorption ͓15͔, and k 0 ϭ/c is the free-space wave number. From now on the explicit time dependence exp͑Ϫit͒ will always be dropped. We consider a medium containing a phase and/or an amplitude plane holographic grating. The complex dielectric tensor ⑀ J can then be expressed as
where the superscripts 0 and 1 denote the constant and the modulated component, respectively. The grating vector K ជ in Eq. ͑4͒ has an arbitrary direction with respect to the geometrical or crystallographic axis of the anisotropic medium. The absorption grating ͓modulated term in the imaginary part of Eq. ͑4͔͒ may be phase shifted by a phase with respect to the refractive index grating. We may choose our coordinate system to coincide with the main axes of the optical indicatrix so that the tensor ⑀ J r 0 contains only diagonal elements. In contrast, the modulated part ⑀ J r 1 of the real dielectric tensor is generally nondiagonal. That is
e.g., nondiagonal elements can be produced by shear acoustic waves and by space-charge induced electro-optic effects ͓16͔. For crystalline materials with orthorhombic or higher symmetry the main axes of the imaginary dielectric tensor coincide with those of the real one ͓15͔. For these materials also ⑀ J i 0 and ⑀ J i 1 are diagonal tensors
͑6͒
For crystals with lower symmetry the main axes of the absorption ellipsoid may differ from those of the refractive index ellipsoid ͓17͔ and the tensors ⑀ J i 0 and ⑀ J i 1 may contain also nondiagonal elements in our coordinate system. We want to consider only materials with positive absorption ͑no gain͒. This property has to be fulfilled for any wave polarization and any position in the crystal, thus giving some constraints on the elements of the tensors ⑀ J i 0 and
We proceed by analyzing the coupled wave equations and we insert Eqs. ͑4͒ and ͑1͒ into the wave equation ͑3͒. We notice that the first term of Eq. ͑3͒ can be represented in the following form:
where we have listed only the terms proportional to exp͓ik ជ s •r ជ͔ and the second set of curly brackets contains analogous terms in E ជ p and k ជ p . The first term on the righthand side of Eq. ͑8͒ contains only second-order derivatives of the wave amplitude and can be neglected applying the slowly varying amplitude approximation. The last term together with the second term of Eq. ͑3͒ that contains the contribution of the nonmodulated dielectric tensors describe the linear propagation of the wave as discussed in Appendix A. For the s wave it is
and an analogous expression holds for the p wave. The second and third terms on the right-hand side of Eq. ͑8͒, which are left, describe the coupling of the waves due to ⑀ J r 1 and ⑀ J i 1 . The problem that we are analyzing is interesting for perfect phase matching and for small phase mismatch ͓Fig. 1͑a͔͒. In this case we write the momentum conservation equation as
Using the above arguments Eq. ͑3͒ transforms in the two coupled wave equations
Using some vector algebra the terms on the left-hand side of Eq. ͑11͒ can be rewritten as
͑14͒
where E ជ s ϭE s e ជ s and e ជ s , k ជ s,r , and k ជ s,i are real unit vectors along the electric-field vector and the real and imaginary wave vectors of the wave s, as shown in Fig. 1͑b͒ . ‫ץ‬E s /‫ץ‬r ជ ϵٌ ជ E s is the gradient of the scalar complex wave amplitude E s . Similar expressions to Eqs. ͑13͒ and ͑14͒ hold for the wave p and the left-hand side of Eq. ͑12͒.
In this paper we consider only waves that are sufficiently far from the absorption resonance of the medium. In this limit one has only moderate absorption, that is ͉k ជ s,i ͉Ӷ͉k ជ s,r ͉ and ͉k ជ p,i ͉Ӷ͉k ជ p,r ͉. We can therefore neglect the terms involving ͉k ជ s,i ͉ in Eqs. ͑13͒ and ͑14͒. All relationships derived in this work are valid in this limit. Summing Eqs. ͑13͒ and ͑14͒ and multiplying both sides of Eq. ͑11͒ with the unit vector e ជ s one obtains
where in the terms of the kind e ជ s
•e ជ p we omit the transpose sign in the first vector in order to simplify the notation. The left-hand side vector expression in the square brackets gives a vector that is parallel to the energy propagation direction ͑Poynting vector͒ of the wave s ͓15͔. One can write
with u ជ s being the unit vector along the Poynting vector ͓Fig. 
by the signal and pump wave, respectively, and with ͉k ជ s,r ͉ ϭk 0 n s and ͉k ជ p,r ͉ϭk 0 n p , the coupled wave equations ͑11͒ and ͑12͒ are rewritten as
where g p ϭe ជ p •d ជ p . Equations ͑17͒ and ͑18͒ describe the coupling of two plane waves in any general geometry in anisotropic media containing phase and/or absorption gratings. It is important to notice that the coupling terms describe the projection of the amplitude gradients along the Poynting vector direction of the corresponding wave and not along the wave-vector direction as in the theory of Kogelnik ͓1͔ that applies to isotropic materials only.
III. TRANSMISSION GRATINGS

A. Mixed transmission gratings
We consider first transmission gratings, that is both beams s and p leave the material through the same surface. More precisely, this geometry is characterized by the condition
, where ជ is the unit vector in the direction of the normal to the entrance surface of the wave P in the holographic medium ͑Fig. 2͒. We assume the medium to be infinite in the directions normal to ជ . We look for a general expression for the holographic diffraction efficiency under pump depletion conditions. To find the spatial evolution of the signal wave S we extract E p from Eq. ͑17͒ and insert it into Eq. ͑18͒ to get the second-order differential equation
where ‫ץ‬ 2 /‫ץ‬r ជ 2 ϵٌ ជ ٌ ជ and indicates outer product. The coupling constants A r and A i are defined as
where the second equalities are valid because the tensors ⑀ J r 1 and ⑀ J i 1 are symmetric. The boundary conditions for diffraction from a transmission grating are
where E p0 ϭE p ( ជ •r ជϭ0) is the pump wave amplitude at the entrance face of the anisotropic holographic medium. The general solution of the differential equation ͑19͒ has the form
where E s1 and E s2 are complex constants. The direction of the vectors ␥ ជ 1 and ␥ ជ 2 is not strictly defined because inserting Eq. ͑24͒ into Eq. ͑19͒ one obtains constraints only on the scalar products ␥ ជ •u ជ s and ␥ ជ •u ជ p . In view of the boundary conditions given by Eqs. ͑22͒ and ͑23͒ it is useful to choose ␥ ជ 1 and ␥ ជ 2 parallel to the surface normal ជ , which gives
where WϭͱW 2 is a complex quantity with
Note that all projection cosines in Eq. ͑26͒ are taken with respect to the Poynting vector direction and not with respect to the wave-vector direction. The constants E s1 and E s2 are obtained by using Eqs. ͑22͒ and ͑23͒ and one finds
where r ជ ʈ is a position vector on the entrance surface defined by ជ •r ជϭ0. The constant E s1 is r ជ independent and Eq. ͑24͒ fulfills Eq. ͑19͒ only if ⌬k ជ
•r ជ ʈ ϭ0 for all r ជ ʈ , thus constraining the real and imaginary part of the vector ⌬k ជ to be parallel to the normal to the surface ជ , as shown in Fig. 1͑a͒ . This property is a direct consequence of the fact that waves and gratings have infinite extent in the transversal directions. The wave-front propagation direction k ជ s of the wave s is now well defined and is obtained with Eq. ͑10͒. Inserting the complex amplitudes ͑28͒ and the complex gain constants ͑25͒ into Eq. ͑24͒ one finds the general solution for the evolution of the signal wave amplitude
where we have defined the real scalar mismatch quantities ⌬k r and ⌬k i by ⌬k ជ r ϭ⌬k r ជ and ⌬k ជ i ϭ⌬k i ជ . In analogy, one can also find the wave amplitude of the transmitted pump wave, which is
One can now calculate the diffraction efficiency defined as the ratio of the output-signal intensity to the incidentpump intensity
where we recall that g s and g p are projection cosines be- 
It should be noted that the effective absorption constants for the waves s and p differ even in a fully isotropic situation if their directions of propagation are not symmetric with respect to the surface normal ជ , as is expected due to a different propagation distance of the two waves inside the absorbing medium. Equation ͑32͒ describes completely the diffraction at a mixed phase and absorption transmission grating in anisotropic media. As an example, Fig. 3 shows that the total diffraction efficiency strongly depends on the phase shift between phase and absorption grating, which is in agreement with an analysis of mixed phase and absorption gratings in isotropic media by Guibelalde ͓18͔. This behavior is easily explained by the interference of the waves scattered off the phase and absorption grating, respectively. ,
, n s ϭ2.2, n p ϭ2.0, g s ϭ1.0, g p ϭ0.95, s ϭ10°, and p ϭϪ40°.
B. Transmission gratings with refractive index modulation only
We consider here the case where the grating consists only of a refractive index modulation. In absence of absorption modulation we have A i ϭ0 and the quantity W 2 can be simplified and rewritten as
where we have defined the real quantities
The diffraction efficiency of Eq. ͑32͒ reads then
Note that the arguments of the sin 2 and sinh 2 functions are always real although 2 and 2 can be negative numbers. We notice also that even in absence of absorption modulation there is still a term proportional to sinh 2 . This term takes accurately into account the effect on the diffraction efficiency of a different absorption constant for the pump and signal waves. ] and cos ϭ͑cos s cos p ͒ 1/2 . In nonabsorbing materials the maximum possible diffraction efficiency is exactly 100% for phaseonly gratings, regardless of the fact whether isotropic or anisotropic diffraction processes are considered.
The effect of the background absorption ␣ s and ␣ p on the Bragg-angle selectivity of a phase-only grating is shown in Fig. 4 ͓Eq. ͑38͔͒. The main effect of absorption is to reduce the maximum diffraction efficiency. In addition, a broadening of the Bragg selectivity curve is observed if signal and pump are absorbed differently (␣ s ␣ p ). For a given total absorption (␣ s ϩ␣ p ) the more favorable diffraction efficiency is found when the absorption difference between signal and pump is maximum. A strong difference in the effective absorption for the two waves may be observed in a number of crystals under anisotropic Bragg diffraction geometries. It should be noted that, despite the fact that the mismatch term 2 in Eq. ͑36͒ contains the term (␣ p Ϫ␣ s ), there is no shift in the Bragg angle for (␣ s ␣ p ), i.e., the maximum diffraction efficiency is still obtained for ⌬k r ϭ0. The absorption characteristics can introduce a significant shift in the direction for which one observes the maximum diffraction efficiency only when the grating strength exceeds /2. However, for absorbing materials it is usually convenient to reduce the thickness of the material and avoid this regime.
To visualize the essential features brought about by the material anisotropy we compare in a concrete example our theory for anisotropic media with Kogelnik's coupled wave theory for isotropic materials. We choose the example of the organic material 4-N,N-dimethylamino-4Ј-N-methyl- stilbazolium tosylate ͑DAST͒ ͓19͔ which has a very strong birefringence. At ϭ860 nm, n 1 ϭ2.315, n 2 ϭ1.660, and n 3 ϭ1.604 ͓20͔. For a crystal cut along the dielectric principal axes (x 1 ,x 2 ,x 3 ) and pump and scattered signal beams with k ជ vectors in the 1,3 plane and directed at Ϯ25°to the x 3 axis one obtains n p ϭn s ϭ2.119. The energy propagation vectors u ជ p and u ជ s are then directed at Ϯ44.2°to the x 3 axis, giving a big walk-off angle of the order of 20°and g s ϭg p ϭ0.945. Figure 5 compares the dependence of the diffraction efficiency on refractive index change ⌬n as obtained from our new results given by Eq. ͑41͒ and from Eq. ͑47͒ in Ref. ͓1͔. It becomes clear that in such highly birefringent materials the use of Kogelnik's expressions leads to large errors even in such fully symmetric beam geometries.
C. Transmission gratings with absorption modulation only
In this case one has A r ϭ0. The expression for the diffraction efficiency differs from Eq. ͑38͒ only by a ͑Ϫ͒ sign where we have made use again of the property that the vector ⌬k ជ is constrained to be parallel to ជ , so that ⌬k ជ r ϭ⌬k r ជ and ⌬k ជ i ϭ⌬k i ជ . The quantity WϭͱW 2 is the same as given in Eq. ͑26͒, which for reflection gratings we can rewrite as FIG. 5 . Diffraction efficiency vs refractive index change ⌬n using our coupled wave theory for anisotropic materials ͑solid line͒ and the coupled wave theory of Kogelnik ͑dashed line͒. The diffraction is modeled for the organic crystal 4-N,N-dimethylamino-4-N-methyl-stilbazolium tosylate ͑DAST͒ with symmetric p-polarized signal and pump wave propagating in the 1,3 plane ( ជ ϭx ជ 3 ) and the grating wave vector parallel to the 1 axis. Parameters: A i ϭ0, ϭ860 nm, dϭ1 cm, ␣ s ϭ␣ p ϭ0, and 
The diffraction efficiency of a reflection hologram is defined as
where again an obliquity factor is introduced in the definition. Inserting the complex signal wave amplitude ͑47͒ into Eq. ͑50͒ one obtains the general expression for the diffraction efficiency of a mixed phase and absorption reflection grating in anisotropic media with absorption anisotropy
where
͑52͒
The overall diffraction efficiency of mixed reflection gratings depends again on the phase shift between phase and absorption grating components, as shown in Fig. 6 where is plotted versus the material thickness. An example of angular mismatch characteristics for reflection gratings is plotted as an inset in the same figure.
B. Reflection gratings with refractive index modulation only
In analogy with Sec. 
. ͑54͒
The diffraction efficiency is found from Eq. ͑51͒ as
where R is obtained from ͑52͒ and 
V. PHOTOREFRACTIVE PHASE GRATINGS
In this section we use the expressions derived above and apply them as an example to a special kind of phase grating that has found much attention in recent years. The photorefractive effect ͓16͔ produces a phase grating as a result of a photoinduced internal space-charge electric field and the linear electro-optic effect. In crystalline materials the refractive index change is usually described in terms of the change in the real part of the inverse dielectric tensor that can be expressed as a function of the scalar amplitude of the sinusoidal space-charge electric field E sc as
The second-rank tensor r J eff is a function of the direction K ជ of the photorefractive grating and takes into account the effect of mechanical deformations of the materials due to the presence of the periodic field. It can be expressed explicitly in its elements r i j eff as ͓21͔
where K ជ ϭK ជ /͉K ជ ͉ is the unit vector along the grating vector, r i jk S is the clamped third-rank electro-optic tensor, p i jkl Ј E is the modified elasto-optic tensor ͓22͔, and A km Ϫ1 and B m are defined as
with C i jkl E being the elastic stiffness tensor at constant electric field, and e i jk being the piezoelectric stress tensor.
To be able to relate our expressions of Secs. III and IV to photorefractive gratings we need to express the tensor ⑀ J r 1 ϭ⑀ J r Ϫ⑀ J r 0 ϭ⌬⑀ J r as a function of the tensor ⌬ ⑀ J r Ϫ1 contained in Eq. ͑61͒. To do this we start from ⑀ J r • ⑀ J r Ϫ1 ϭ 1 J and differentiate with respect to the electric field to obtain
Multiplying each term on the right-hand side with ⑀ J r we obtain
where the second equality is valid because we assumed ʈ ⑀ J r 1 ʈӶʈ ⑀ J r 0 ʈ, which is usually fulfilled in photorefractive experiments. Using Eqs. ͑65͒, ͑61͒, and ͑20͒ one can now determine the form of the coupling constant A r for a photorefractive grating
, n s and n p are the refractive indices seen by the signal and pump wave, respectively, and r eff represents now a scalar effective electro-optic coefficient defined as
The scalar electro-optic coefficient is therefore related directly to the d ជ -vector directions ͑polarization͒ of the two waves, and not to the electric-field-vector directions.
A. Photorefractive diffraction efficiency
Equations ͑66͒ and ͑67͒ can be inserted into Eqs. ͑38͒ and ͑55͒ to obtain the diffraction efficiency of photorefractive transmission and reflection gratings. We give here only the special cases valid for phase-matched Bragg diffraction in nonabsorbing materials. One gets
for transmission grating in a medium of thickness d, and
for reflection gratings.
B. Photorefractive two-beam coupling
Two-beam coupling differs from the situations treated till now in the boundary conditions. For two-beam coupling the wave s is injected and has a nonzero amplitude at the entrance surface of the medium. Under such conditions one observes often an energy and/or phase transfer from one wave to the other, which depend on the phase relationship between the waves and the grating. It is easy to show that maximum energy coupling between the waves p and s is observed when the interference fringes produced by p and s are shifted in phase by Ϯ/2 with respect to a phase grating, or by 0 or with respect to an absorption grating ͓16͔. One can distinguish two different beam coupling situations. In the first the two waves interact with a preexisting ͑fixed͒ grating that is not modified by the waves themselves. In the second, the waves themselves generate the grating at which they interact. The latter case occurs, for instance, for photorefractive two-beam coupling and for many other nonlinear-optical effects.
We first comment on the case of fixed gratings. The ingredients to solve this problem have all been given in Secs. III and IV. Let us suppose we want to know the amplitude of the signal wave s after coupling with the wave p at a fixed transmission grating. This amplitude is a coherent superposition of the transmitted amplitude when the wave p is not present and the amplitude diffracted from the wave p in direction of the signal wave s, when the latter has zero amplitude at the entrance face. Therefore one first calculates the transmitted amplitude E s,t using Eq. ͑30͒ letting s take the role of the pump wave in Sec. III. Second, the amplitude E s,d scattered from p into the general direction of s is calculated using Eq. ͑29͒ extracting the correct wave propagation direction k ជ s,d from Eq. ͑10͒. Finally the two waves are added and combined with the phase factors to obtain E s,
•r ជ) as the electric-field amplitude of the wave s at the exit of the grating region. In case of perfect phase matching k ជ s,d ϵk ជ s and the transmitted and in-diffracted wave are not distinguishable. In general, geometries where the latter equality holds can be found also for small deviation from perfect phase matching of the two coherent waves to the preexistent grating. We notice that for reflection holograms the same procedure outlined above is followed. One uses Eqs. ͑49͒ and ͑47͒ instead of Eqs. ͑30͒ and ͑29͒ to obtain the transmitted and in-diffracted amplitudes.
The case where a dynamic grating is recorded by the two interacting waves themselves is more interesting. These waves automatically fulfill the real phase-matching condition k s,r Ϫk ជ p,r ϮK ជ ϭ0 ជ . We will treat here only the case where a phase grating is created as a result of the photorefractive effect. The theory of Kukhtarev-Vinetskii ͓23͔ describes the formation of a space-charge field E ជ sc (r ជ)ϭK ជ E sc (r ជ) under the action of two interfering waves. The scalar space-charge electric field has the form
where the real component cos(K ជ •r ជ) of the exp(iK ជ •r ជ) term is in phase with the light interference fringes generated by the waves s and p, and E sc,r ,E sc,i are the in-phase and 90°out-of-phase components of the space-charge field amplitude, respectively. The quantity m is a modulation index and Eq. ͑70͒ is valid only for mӶ1. In this section we will be limited to the calculation of the two-beam coupling gain in this limit ͑undepleted pump approximation͒. The modulation index m needs some further consideration. In Ref. ͓23͔ and all later theories of the photorefractive effect, the modulation index was taken as the modulation of the light intensity inside the material. This driving quantity was used to calculate the photoexcitation rate of charge carriers with density N as ‫ץ‬N/‫ץ‬t ϰI 0 (1ϩm cosK ជ
•r ជ). This assumption is allowed in the case of isotropic materials and a transmission grating geometry. However, the rate of photoexcitation actually depends on the locally dissipated energy and not on the net energy flux through a material. This fact is particularly evident when one considers a reflection grating recorded by two counterpropagating waves of equal intensity. In this case there is no net energy flux ͑no light intensity͒ in any direction but there are still photoexcitations. It is therefore more correct to assume ‫ץ‬N/‫ץ‬tϰU 0 (1ϩm cosK ជ
•r ជ) and thus to define m as the modulation of the dissipated optical energy density U in the material. The dissipated optical energy is related to the imaginary dielectric tensor
where E ជ (r ជ,t) is given by Eq. ͑1͒ and ⑀ 0 is the permittivity of vacuum. Equation ͑71͒ can be used to calculate the number density of mobile photoexcited charge carriers if every absorbed photon produces such a carrier, i.e., when the quantum efficiency for photoexcitation is unity. However, in most photorefractive materials the quantum efficiency has often been observed to be considerably lower, in the extreme case of photorefractive polymers the usual quantum efficiencies are in the order of 10 Ϫ4 -10 Ϫ2 ͓10͔. It is therefore necessary to replace the tensor ⑀ J i 0 in Eq. ͑71͒ by a similar tensor J that takes into account only those useful absorption processes that give rise to movable charge carriers. One can define the elements of J as
where the quantities kl describe the polarization dependence of the quantum efficiency. In Eq. ͑72͒ no summing over equal indices is performed. The characteristics of the tensor J may be determined by photoconductivity measurements as a function of light polarization. If the quantum efficiency for photogeneration of charge carriers is unity, the tensors ⑀ J i 0 and J are identical. In view of the above argumentation we can now write the useful dissipated energy as
where for simplicity we have used a complex modulation index m that takes fully into account all phase shifts in the light fringes due to phase coupling between the waves. One can assume that m is real at the input surface of the medium. Using Eqs. ͑73͒ and ͑1͒ we find the general expression for the modulation of a transmission grating as
͑74͒
For small modulation one has
and Eq. ͑74͒ simplifies to
Note that the modulation index that would be obtained by using the light intensity as a driving term is similar to Eq. ͑76͒ but contains the ratio (n s /n p ) 1/2 instead of (e ជ s • J •e ជ p )/(e ជ p • J •e ជ p ). Using Eqs. ͑66͒, ͑17͒, and ͑18͒ and neglecting any absorption modulation we obtain the coupled wave equations for transmission grating two-beam coupling in photorefractive materials
where Rϭn s 2 n p 2 g s g p r eff and r eff is given by Eq. ͑67͒. If the inequality ͑75͒ is fulfilled one can neglect the second differential equation ͑78͒ and by using Eq. ͑76͒ the equation for the evolution of the signal wave amplitude becomes
where we have introduced the quantity
has a solution of the form describes the phase drift of the wave along the propagation direction. We recall that s is the angle between the Poynting vector of the wave S and the normal to the surface ជ . It should be noted that, while the sign of E sc,r does not depend on whether the space-charge field is created in the photorefractive crystal by means of electron charge transport or hole charge transport, the sign of E sc,i is opposite for the two cases. One has E sc,i Ͻ0 for dominant electron transport, and E sc,i Ͼ0 for dominant hole transport. Therefore the sign of the gain ⌫ is influenced accordingly. We also notice that the constants ⌫ and ␦ of Eqs. ͑82͒ and ͑83͒ are influenced by the dielectric anisotropy within the factors cos s and g p and are influenced by the absorption anisotropy within the quantity a. Figure 7 shows an example of the dependence of the correcting factor a of Eq. ͑80͒ on the half-angle between the energy propagation directions of the waves s and p. We have assumed a material cut along the main axes x 1 ,x 2 ,x 3 of the absorption ellipsoid and symmetric propagation in the x 2 ,x 3 plane, as shown in the inset of the figure. The waves have polarization in the same plane so that only the elements 22 and 33 of the tensor J are active. The different curves in Fig. 7 We finally express the evolution of the signal wave intensity I s . It is obtained using Eq. ͑82͒ for the gain and the definition of the optical electric field and propagation vector ͑1͒ and ͑2͒, which gives I s ͑ ជ
•r ជϭd ͒ϭI s0 e ͑ ⌫Ϫ2␣ s ͒d , ͑84͒
with I s0 ϭI s ( ជ •r ជϭ0). The same path can be followed also for two-beam coupling in a reflection grating configuration. For small m, one obtains in analogy to Eq. ͑84͒
where ⌫ is still given by Eq. ͑82͒ and it should be remembered that cos s is negative for reflection gratings.
VI. CONCLUSIONS
We have extended the coupled wave theory of Kogelnik ͓1͔ to the case of anisotropic materials with grating vector and medium oriented in arbitrary directions. Spatial modulation of both refractive index and absorption constant with a common grating wave vector and an arbitrary phase shift between each other have been allowed for. Solutions for the wave amplitudes, diffraction efficiencies, and angular sensitivities have been given in transmission and reflection configurations for the case of moderately absorbing materials. The special case of phase holograms in optically inactive photorefractive crystals has been considered in detail revealing simple expressions permitting one to calculate diffraction efficiencies and small-signal two-beam coupling gains in any given geometrical situation. The insights provided by the present approach should be particularly important for the analysis of all anisotropic diffraction processes and also of isotropic interaction of light with volume holograms recorded in materials with strong birefringence, such as organic crystals, ordered polymers, and liquid crystalline cells.
